Mobile payload tracking, generally requires high slew rates and large articulation ranges in order to stabilize and aim a payload while moving over uneven terrain.
Introduction 2 Atacama Desert Trek
The agenda for robotic exploration of planetary surfaces is growing. Proposed missions have ambitious goals in terms of exploration, information transmission and low cost. For example, there is a near term robotic mission planned for Antarctica to search for meteorites [6] . Another proposed mission is to search for ice at the lunar pole [5] . Such missions require high data rate transmission from the robot to a distant control station at relatively low power levels (as total power is limited), possible only if the angular offset between transmitter and receiver antennas IS small ( [I] , [3] ). By maintaining line-of-sight lock between the transmitting antenna on a robot and the receiving antenna on the control station, a precision tracking capability can enable the bandwidth required for such distant range robotic exploration. This ability to achieve tracking while roving is important for a wide variety of mobile robot tasks including teleoperation, optical communication, mobile surveying and reconnaissance, cooperative manipulation, and active vision.
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In summer 1997, Carnegie Mellon University conducted the Atacama Desert Trek, a demonstration of robotic technologies necessary for planetary exploration [l] . In this demonstration the robot Nomad (Figure l The principal tool for enabling public participation was a high resolution panospheric camera [8] . In order to transport its imagery, generated at 4-6 Hz, from the rover to a local control station and then to remote mission control sites, a high bandwidth (1.4 Mbps) reliable communication link was paramount. The ideal scenario was to transmit from the rover directly to a satellite and from there to control stations [3]; however, the required size and mass of the antenna dish and transmitter equipment made this scenario infeasible for this category of robots. The next option was to transmit to a nearby relay station (located within 8-10 km) which then would retransmit the information to a satellite ( Figure 2 4 Mbps, 10 km range) could not be achieved using omnidirectional antennas, high gain directional antennas were required. Further, the directional antenna on the rover needed to be pointed toward the receiving antenna on the relay station to maintain the communication link while the robot was moving.
The pointing requirements, described in the next section, were met only by a custom designed system. The remainder of this paper describes the antenna pointing mechanism design, sensing scenarios, and some experimental results.
Requirements
The pointing requirements are presented in Table 1 from level terrain was 50 cm, which pitched the rover by 19O. The rover was subjected to tipover at +35" pitch. Therefore, the pointing excursions from the first two factors were +35". The placement of the receiver antenna on a hill put the height at approximately 100 m. At maximum range, when the rover was 8-10 km away from the receiver antenna, the elevation angle of the antenna with the rover on flat ground was effectively zero.
Restricting the minimum range to 1 km, the corresponding angle was approximately 6". As shown in Figure 3 , the total elevation required was -35" to +41 " . Including a safety factor, the antenna pointing mechanism was specified for -40" to +60" , The azimuth specified was continuous.
The elevation rate was approximated as the rate at which the angle changes when the robot falls from a 50 cm step ( Figure 4 ) The rates and accelerations shown in Table   1 are based on a trapezoidal velocity profile and include a safety factor. Pointing accuracy of k2.5" was based on the radiation patterns of the antenna.
The following table gives specifications of some other antenna pointing systems for comparison. Toshiba APM-1 Table 2 : Comparison of various mechanisms [4] and HST STAPS [4] are antenna positioners for satellite applications while KVH's TracVision [7] is for antenna pointing from boats. As seen from the table, the pointing rates for these applications are much lower than the rates required for pointing from mobile robots and therefore are not useful for the purpose.
Configuration
Several configurations for the antenna pointing mechanism were considered. In particular, two-stage pointing, direct drive gimbal, and gyroscopic stabilization were assessed in light of such factors as mass, power, size, cost, manufacturability, ability to use off-the-shelf components, reliability, coupling, and controllability. A two stage pointing device could isolate gross vehicle rotations using one mechanism (active like gyroscopic stabilization or passive like pendulum) and perform finer rotations with another mechanism (for example, a gimbal).
While providing better performance, two-stage pointing was deemed as "overkill" for this application due to low accuracy requirements. Extensively used in satellite applications, gyroscopic stabilization provides better isolation of vehicle motion, but precession induced by high disturbance torques (due to vehicle motion and motion of the RF cable) would be problematic in mobile robot applications.
The final configuration chosen and developed was a single stage, padtilt mechanism. Each motion incorporated a brushed motor and harmonic drive reduction. 
Harmonic drive and brushed motor:
Brushed motors are used with harmonic reduction for both azimuth and elevation actuators. The primary rationale was to minimize backlash. A typical off-the-shelf planetary train has a backlash about l0-2", unsuitable for the application.
. Balanced sysrem:
The payload is balanced using a counter mass. This minimizes disturbances torques, thus reducing the size of the actuators and complexity of the controller.
This configuration using RF rotary joint, slip rings and balanced payload proved very efficient for this application.
Sensors
Several sensors are required to interpret the position of the receiver antenna, robot position, robot orientation and azimuth and elevation angles. The following sensors were used for antenna pointing: DGPS: A Differential Global Positioning System was used to derive the position of the robot and the relay station in the inertial frame. One GPS unit was mounted on the rover, another (the master unit) at the relay station. The two receivers were used in a differential configuration to provide good position accuracy.
Compass: A stabilized gyro compass was used for magnetic azimuth of the vehicle. Inclinometers: Inclinometers delivered the roll and pitch of the vehicle. The azimuth digital gyro compass (ADGC) specified gave roll and pitch in addition to the magnetic azimuth. 
Kinematics and Error Analysis
It is important to verify the sufficiency of sensor accuracies. Pointing error due to each sensor was estimated by differentiating the inverse kinematics equations.
As shown in Figure 7 , the following reference frames were defined for the purpose of analysis and control:
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Figure 7: Reference Frames
The global reference frame was fixed w.r.t. the Earth and its X-axis pointed east, Y-axis pointed North and Zaxis pointed upwards. As we were interested in the relative position of the rover and the relay station, the origin of the frame was of minor importance. The Y-axis of the vehicle reference frame pointed forward, the X-axis pointed to the right side of the vehicle, and the Z-axis pointed up. The vehicle frame was located at the compass center. Azimuth (A} and Elevation {E} were the two frames associated with the antenna. The origin of these two frame was located at the intersection of azimuth and elevation axis. The Zaxis of the azimuth frame was normal to the vehicle pointing upwards while the y-axis pointed in the direction of vehicle travel. The elevation frame was obtained by rotating the azimuth frame around azimuth Z-axis by y P' the azimuth angle.
The standard z-y-x Euler angle representation was used for analysis. The required azimuth and elevation angles for line-of-sight pointing were given by: a P = atan(-X/Y) and y P = a t a n ( Z / ( / G 2 ) )
... The error analysis was performed by differentiating theexpressionsfor ap and yP as: (4) where x = [x,., y,., z,., xV,yV, zVr a, p, y, a,,. ypl , is the vector of generalized variables.
The analysis was performed for the following two configurations: O, 1~,1000,1000,0,1t, -, -, Table 3 presents the results of the analysis. The second column cites the expected accuracies of each sensor listed in the first column. The third and forth columns give the error in elevation ( y ) and azimuth (a ), respectively, due to each sensor; this is calculated by assuming the error due to other sensors is zero. The last column lists the criticality (C) of the sensor to achieve pointing accuracy. As seen from the table, Compass and Inclinometers are the most critical sensors for accuracy while GPS is the least critical.
The expected cumulative error due to sensor inaccuracies was approximately 1.5". This met the accuracy requirements of this application and hence open loop control was sufficient. When more accurate pointing is required, closed-loop pointing is necessary. In that case, there needs to be a feedback from the target about the actual pointing angle. This can be achieved by the measurement of signal power strength.
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Experiments and Results
The antenna pointing mechanism performed without failure during the two months of the Atacama Desert Trek. It enabled communication at ranges up to 11 km, a record to our knowledge. Figure 9 shows the input data rate on the router recorded at random times for a period of about one hour.
During this time, pointing experiments were performed as the robot was commanded to move in circles on difficult terrains (obstacle fields) at different velocities. As can be seen, even though the data rate fluctuated, it remained fairly high at all times. This graph offers a qualitative estimate of the pointing mechanism's performance. As clear from Figure 8 , controller errors were of the order of 0.6" (0.01 rad) maximum. As discussed in the previous section, the expected cumulative error due to sensors was approximately 1.6" (estimated). Therefore, the estimated total pointing error was I2.2" nominally, which is within the allowable range. Considering this and because images were continuously received at the control station, and a communication range of up to 11 km was achieved, it can be deduced that the link performed appropriately.
Conclusions and Future Work
This paper introduces active antenna pointing, a novel solution to the problem of high data rate, long range communication from outdoor mobile robots. The requirement analysis, mechanism design, sensor configuration and key results for the antenna pointing mechanism used in the Atacama Desert Trek are presented.
The system was based on open loop and proved adequate for this application due to the large beamwidth of the antenna. It enabled communication to a record range of 11 km. In future, closed-loop control would be incorporated and the mechanism would be used to establish direct communication with the satellite.
